To develop morphological criteria which can be applied systematically for the identification of isolated cardiac and vascular muscle cells in mammalian and avian primary cultures, we have correlated structural and staining properties with excitability, contraction, and norepinephrine sensitivity of isolated muscle cells. The primary cultures of cardiac and vascular muscle contained muscle cells and nonmuscle cells. The muscle cells could be clearly identified by action potentials, contractility, and Masson's trichrome stain characteristics, similar to those of cells from intact source heart and blood vessels. Furthermore, the muscle cells were highly responsive to norepinephrine, showing unequivocal increases in contraction frequency. The sensitivity to norepinephrine was found to be very high (ED H = 2.3 x 10"* M). Phase-contrast observation was sufficient to identify muscle cells only when those cells were contracting. There were no unequivocal morphological characteristics that distinguished between quiescent muscle cells and and nonmuscle cells in the absence of histochemical staining. Ultrastructural examination by scanning electron microscopy failed to distinguish between muscle and nonmuscle cells. Histological staining was, therefore, the only reliable nonfunctional identification process that separated muscle cells from nonmuscle cells. Primary cultures, containing nonmuscle as well as muscle cells, are an important experimental preparation because the cellular heterogeneity probably minimizes muscle cell loss of function and phenotypic changes. The correlation we have established between cell staining and function will facilitate exploration of single cell properties, which together constitute hearts and blood vessels. Cirv Res
VARIOUS investigators have used primary cultures of cardiovascular muscle cells for structural (Legato, 1972; Polinger, 1973) and functional (Sperelakis, 1972) studies. These primary cultures yield a heterogeneous population of cells (Kasten, 1971; Hyde et al., 1969) which undergoes change with time, not only in cell morphology but also in function (Sperelakis and McLean, 1978) . Alterations may be produced by cell interactions (McLean and Sperelakis, 1976) and by the poorly understood phenomenon of cell dedifferentiation, which frustrates attempts to avoid heterogeneity and ongoing cell variation by producing homogeneous muscle cell lines through subculturing (Chamley et al., 1977) . The subcultured muscle cells dedifferentiate, failing to maintain fundamental characteristics of the source cardiovascular tissue, such as contractile ability (Chamley et al., 1977) .
Recently we have reported conditions for primary cultures of cardiac and vascular muscle cells with functional integrity, reflected by contractility and high neurotransmitter sensitivity (Hermsmeyer and Robinson, 1977; Hermsmeyer et al., 1976) . Therefore, it is possible to use primary cultures to help understand cardiac and vascular muscle properties, but this poses the problem of the identification of those muscle cells that do not reveal themselves by spontaneous activity. The elaborate electrophysiological instrumentation (Hermsmeyer and Robinson, 1977) and specific fluorescent antibody of limited availability (Chamley et al., 1977; Chamley et al., 1974) , used to identify positively cardiac and vascular muscle cells in culture, is not accessible to most laboratories. However, light microscopy (enhanced contrast optics and histochemical staining) and scanning electron microscopy are universally available methods, which can be correlated with cell function. Such microscopic methods might allow investigators of various disciplines to morphologically quantify the muscle fraction and use primary cell culture data to infer qualified conclusions about the source tissue (intact heart or blood vessels).
The objective of this study was to develop morphological criteria that can be applied systematically to identify isolated cardiovascular muscle cells in mammalian and avian primary cultures. The morphological criteria most useful for muscle cell identification are determined by correlating struc-turaJ and staining properties with functional properties (excitability and contraction) of isolated muscle cells, a correlation that has not been made previously.
Definitions
The terminology used to functionally classify the cells for the purpose of this paper is muscle and nonmuscle.
The muscle cell category includes only those cells that demonstrate contractility, i.e., intracellular shortening that is complete within less than 5 seconds, followed in not more than a few seconds by relaxation, all of which can be repeatedly stimulated. Cell motility, rounding, spreading, creeping, and osmotically induced shrinking are much slower, not readily reversed, and not repeatable and, thus, do not fulfill the contractility criteria. A muscle cell may be spontaneously active, showing repetitive contractions in the absence of external stimulation, or quiescent. The contractility of quiescent muscle cells must be demonstrated by repeatable contractions in response to adrenergic or electrophysiological stimulation.
The nonmuscle category includes all cells not showing contractility, even with electrical or chemical stimulation. This category includes the other cells in primary culture (i.e., endothelial or connective tissue cells). If any muscle cells dedifferentiated and lost excitability, they would be classified as nonmuscle cells along with other noncontractile cells.
Methods

Cell Cultures
Primary cell cultures were used for all observations. Separate cardiac and vascular muscle cultures were prepared from both rats and chicks, giving four kinds of culture by source tissue. Under aseptic conditions, the ventricles and descending aortas of 10-15 neonatal (0-to 4-day-old) rats, from the breeding colony of Kyoto-Wistar normotensive control rats at The University of Iowa, were removed and placed in a culture dish containing CV2M [40% M199 (Morgan et al., 1950) , 45% Earle's balanced salt solution, and 15% horse serum (Hermsmeyer and Robinson, 1977) ]. After two rinses in wash solution, consisting of CV2M plus penicillin (50 U/ml), streptomycin (50 /ig/ml), and gentamicin (100 /tg/ml), the ventricles were minced with fine dissecting scissors into fragments approximately 1 mm in diameter. The ventricular myocardium then was exposed to eight 30-minute incubations in trypsin solution at 37°C with stirring. The trypsin solution contained trypsin (1 mg/ml, 1:250) in isotonic ionic solution (ISNK) (Hermsmeyer and Robinson, 1977) [composition in mM/liter: NaCl, 133; KC1, 4.7; dextrose, 16.5 ; N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 20; and phenol red, 0.014]. Approximately eight incu-bation periods dispersed the tissue completely. After each trypsin incubation, the supernatant was collected and placed in 5 ml of horse serum on ice. The rat descending aortas were prepared differently than the rat ventricles: Prior to placement in wash solution, connective tissue was stripped from the adventitial surface. The wash solution was identical, except for the addition of reduced glutathione (Sigma), 300 /IM. Following mincing, the vascular muscle fragments were incubated in collagenase (type III), 3 mg/ml, in Earle's balanced salt solution without stirring for 60 minutes at 37°C. After this presoak, 8-minute serial incubations were started with trypsin concentrations increasing in ISNK on alternate incubations from 0.6 to 1.0 to 3.0 mg/ml. All supernatants were centrifuged for 8 minutes at 200 g, and the resulting cell pellets were washed again. The final cell pellets were resuspended in growth medium and plated on glass coverslips (for drug experiments, histochemical staining, or scanning electron microscopy). Growth medium consisted of CV2M, to which gentamicin, 40 ptg/ml; Lglutamine, 4 mM, minimum essential medium (MEM) essential vitamin mixture, 1 g/liter (Eagle, 1959) ; and dextrose, 1.2 g/liter were added. The cultures then were incubated at 37°C in a 5% CO2 atmosphere. The growth medium was replaced with fresh media on culture days 2 and 5, and then weekly.
The primary cultures of 13-day embryonic chick ventricles and omphalomesenteric veins were prepared in a similar manner, except that the wash solution contained no gentamicin. The trypsin incubations, 125 /xg/ml, of the chick ventricles were for 8 minutes. The minced omphalomesenteric veins were incubated without stirring in Earle's balanced salt solution containing collagenase (type III), 3 mg/ml, at 37°C for 30 minutes. Following this presoak, 10-minute serial incubations were begun with trypsin concentration, increasing on alternate incubations from 0.6 to 1.0 to 3.0 mg/ml. Subsequent washing and centrifugation were identical to the method used for rat ventricular cultures. The growth media and media changes were identical, except that gentamicin concentration was 20 /ig/ml. Cultures were incubated at 37°C in a 5% CO 2 incubator. The M199 powdered media, Earle's salts, horse serum, and MEM essential vitamins were obtained from Microbiological Associates. HEPES buffer was from Calbiochem, trypsin was from ICN Pharmaceuticals, Inc., and collagenase was from Worthington.
Drug Experiments and Microelectrode Recordings
To observe all cell cultures, Leitz Diavert microscopes with either phase contrast (Zemike) or differential interference contrast (Nomarski) optical systems were used. Cultured cells attached to a 9by 22-mm rectangular glass coverslip were observed in an open suffusion chamber mounted on the mi- VOL. 45, No. 4, OCTOBER 1979 croscope stage. Detailed description of the 300 /tl suffusion chamber is reported elsewhere (Hermsmeyer and Robinson, 1977) . Suffusion with an O 2 -CO 2 saturated solution at 37°C without recirculation was by a Holter pump. Suffusion solution (ISS) (Hermsmeyer and Robinson, 1977) contained (in mM/liter): NaCl, 130; KC1, 3.0; NaHCO.,, 16.0; CaCl 2> 1.5; MgSO.,, 0.41; MgCl 2) 0.41; NaH 2 PO< 0.5; dextrose, 5.5; and HEPES buffer, 15, at pH 7.2.
Each cell under observation was allowed 15 minutes to equilibrate in ISS. The spontaneous contraction frequency during successive 15-second counting periods then was recorded visually or by intracellular microelectrodes during norepinephrine exposure. The peak frequency during drug exposure was compared to peak control frequency. In each case, the frequency returned to baseline values when the norepinephrine exposure ended. Only one cell per coverslip was studied to avoid previously reported norepinephrine desensitization (Hermsmeyer and Robinson, 1977) . Solutions containing norepinephrine bitartrate (Levartenol, Sigma) were mixed immediately prior to use to prevent norepinephrine oxidation and were added as a 10 ^1 pulse at the inlet of the chamber.
Recordings were made with glass microelectrodes filled with 3 M KC1, connected through Ag:AgCl half-cells to a WP Instruments M701 preamplifier, and displayed on a Tektronix 5031 oscilloscope. Microelectrodes were positioned under Nomarski optics, using Beaudouin pneumatic micromanipulators. Input resistance was measured by injection of <1 nA through the recording electrode, with the input resistance calculated as baseline voltage shift divided by current.
Histochemical Staining
Glass coverslips that had been used for cell counts under phase microscopy, microelectrode recordings, or drug experiments were placed immediately in culture dishes containing Bouin's fixative. Cells, which had been observed by either Zernike phase contrast or Nomarski differential interference contrast, were circumscribed on the coverslip with a diamond pencil, and low-and high-magnification photomicrographs of these cells also were made prior to fixation. Coverslips were fixed for 2-18 hours prior to staining. The staining procedure was identical to Masson's standard trichrome staining for paraffin-embedded tissue sections (Masson, 1929) . The coverslips were mounted with Entellan. After staining, fixed individual cells and cell aggregates were relocated under the phase-contrast microscope, using the coverslip markings and photomicrographs of the living cells.
Scanning Electron Microscopy
Living cells also were fixed and prepared for observation in a Cambridge Stereoscan S4 scanning electron microscope at accelerating voltages from 5 to 20 kV. Initial fixation was with a 2% glutaralde-hyde solution, followed by secondary fixation with 1% osmium tetroxide, serial dehydration to absolute ethanol over 60 minutes, and critical point drying with liquid CO 2 (Anderson, 1951) for 30 minutes. The coverslips were mounted to scanning electron microscopy stubs with copper tape (3M Corp.) and coated with a 10-to 30-nm layer of gold-palladium alloy. The only deviation from standard technique was preheating the glutaraldehyde fixative to 37°C.
Results
Contractility, En,, Norepinephrine Sensitivity
Membrane potential (E m ) recordings from single cells in primary cultures of both heart and vascular muscle revealed two populations of cells, muscle and nonmuscle, that correlated perfectly with contractility. E m recordings from cultured cardiac and vascular muscle cells are shown in Figure 1 . Cardiac action potentials with plateaus and vascular muscle symmetrical spikes clearly identified the cell types. Spontaneously contracting cells were obvious as muscle cells from which pacemaker depolarizations were recorded ( Fig. 1A, B , D). A fraction of the muscle cells was quiescent and could be excited electrically to contract by depolarizing current pulses or by release from hyperpolarizing current pulses (anodal break) ( Fig. 1C ). Anodal break excitation was necessary for demonstrating excitability in quiescent muscle cells with very small resting E m (<-20 mV), secondary to very low K + conductance, because such small E m eliminates excitability
The identity of individual muscle cells in culture was defined clearly by intracellular recordings of membrane potential A: A spontaneous rat myocardial action potential had a clear plateau. B: Vascular muscle cultured from chick omphalomesenteric vein dispersion showed spontaneous spikes of 45-50 m V amplitude, the upper portion of which was symmetrical and of double exponential shape, arising from -40 mV maximum E m . C: A quiescent rat myocardial cell was triggered to fire at the ends of two hyperpolarizing pulses (anodal break response). D: A spontaneous rat aortic myovascular cell had a -48 m V maximum E a and repeating 59 mV spikes. Horizontal calibration: 20 msec in A, 1.5 seconds in B, 3.5 seconds in C, and 7 seconds in D.
by membrane inactivation. Hyperpolarization of such inactivated muscle cell membranes to E m more negative than -20 mV allowed reactivation of excitability, firing spikes, and consequent contraction of the cells. The second population of cells, which had low Em (0 to -15 mV) and could not be excited electrically, were identified as nonmuscle cells. These nonmuscle cells could not be stimulated and did not contract with intracellular injection of deor hyperpolarizing current pulses. Hyperpolarization of these noncontractile cells to between -30 and -60 mV, followed by instantaneous release, failed to induce anodal break excitation. Additional assurance of acceptable impalement of these noncontractile cells was obtained from reasonable values of input resistance (Table 1) . Further identification of both spontaneously active and quiescent muscle cells was made by responsiveness to norepinephrine, recorded by contractility or E™ responses. Spontaneously active muscle cells increased contraction frequency, whereas quiescent muscle cells began to spike or depolarize and contracted repetitively to norepinephrine pulses in concentrations of 0.1-100 nM. Figure 2 shows a dose-response curve of spontaneously active rat cardiac muscle cells, which were highly sensitive to norepinephrine. The threshold concentration for the positive chronotropic response of these muscle cells was 10 pg/ml, and the indicated ED50 approximated 750 pg/ml. Threshold norepinephrine concentration in rat vascular muscle was also about 10 pg/ml. Cells that could not be excited to spiking or to repeatable contraction and relaxation by norepinephrine were considered noncontractile and classified as nonmuscle cells. The nonmuscle cells, identified by lack of excitation by norepinephrine, included all cells identified as nonmuscle by failure of electrical excitation.
Examination with Light Microscopy
Multiple problems existed with the use of phasecontrast and Nomarski differential interference mi- . The cells were exposed to 10-fd pulses of norepinephrine in the concentrations plotted in a noncirculating chamber at 37° C in ISS, and the peak response was recorded. The number of cells is indicated at each datum point. Each cell included was exposed to the neurotransmitter for 30 seconds for each of five or less doses and was always observed to return to baseline rate ± 20% in control solution. Source hearts (n = 3) exposed to norepinephrine suffusion had an EDw oflOOnM (not shown).
croscopy alone to identify cell types in primary culture. Morphological criteria used for identification included cell size and configuration, refractility (halo appearance), cell processes, nuclear shape, and nucleoli number. Figure 3 shows representative heart and vascular muscle cultures as seen with phase contrast optics. In fields where cells were in contact, cell configuration was altered and difficult to delineate. Refractility was present or absent in cells of identical configuration. In many cells, nucleoli could not be identified. Small aggregates of cells with multiple overlying layers obscured cell identification based on cytoplasmic processes or nucleoli. Spontaneously contracting cells and noncontracting cells usually were seen together. As the cultures aged, cell identification by any phase-contrast criterion became more difficult. In addition to cell aggregation, the morphology of muscle cells changed with time. Muscle cells flattened during the first 1-2 days of culture and, except for spontaneous contractions, became indistinct as a separate cell population. Therefore, spontaneous contractility was necessary for identification of the living muscle cells by phase-contrast observation.
Masson's Trichrome Stain
Representative cultures of neonatal rat and embryonic chick heart and blood vessels, fixed by Bouin's solution and stained with Masson's trichrome, are shown in Figure 4 . Two distinct cell populations were separated by staining characteristics in each of the primary cell cultures of cardiac and vascular muscle. One cell population had staining properties identical to the muscle cells in source tissues, whereas a second population did not. In rat heart cultures, these muscle-like staining cells were deep red and contained an uninucleolate nucleus which was coarsely granular. The muscle-like staining cells in rat heart cultures had a typical stellate configuration. Under phase-contrast optics, the stellate radial processes of these cells were accentuated by a refractile turquoise sheen. In contrast, a second population of cells was pale blue-gray. These cells contained pale basophilic nuclei with prominent turquoise nucleoli. The cytoplasm was almost agranular with no evidence of deep red staining or refractile processes. In stained chick heart cultures, there was a cell population with cytoplasm that was intensely red-stained and refractile under phase-contrast optics. These cells were quite pleomorphic, making differentiation by shape impractical, but could be easily distinguished from the paler, nonmuscle-like (blue-gray) staining cell population. None of these chick heart cells had a stellate configuration comparable to the musclelike staining cells seen in the rat heart cultures. In both the rat and the chick vascular muscle cultures, the presence of differential staining might be the only criterion separating cell types, since cell con-figuration was strikingly uniform. Both isolated muscle-like (red) staining cells and pale blue cells could take on a spindle-shaped configuration. These muscle-like staining cells were markedly refractile, and their prominent turquoise sheen was distinctive. As aggregates, these muscle-like staining cells tended to cluster as round cells surrounded by sheets of pale blue cells. The trichrome stain continued to distinguish between two cell populations in older and denser cultures of both cardiac and vascular muscle cells. This was of more importance in chick heart and vascular muscle cells, where cells with both staining characteristics were almost always found in close association.
A cell population was present, therefore, in all four primary cultures, which by histochemical staining would be recognized as muscle cells, compared to staining properties of muscle in paraffinembedded sections of corresponding source hearts and blood vessels. With a population of cells identified as muscle-like by staining characteristics, a comparison with the previously established functional identification of muscle cells could be made.
Comparison of Masson's Trichrome Stain to E m and Norepinephrine Sensitivity
Spontaneously active and quiescent muscle cells that remained attached to the coverslip after excitability studies were subsequently prepared for histological staining. In all relocated muscle cells, there was a consistent correlation between the differential muscle-like staining property of cells and excitability. Figure 5 shows a small aggregate of living, spontaneously active rat heart cells (A) during the recording of action potentials (B) and the subsequent trichrome preparation of these cells, which demonstrated muscle-like staining properties (C). In all six cases examined, spontaneously active mus-cle cells had muscle-like staining properties. Likewise, muscle cells which were quiescent, but which could be excited by depolarizing current pulses or anodal break, always showed muscle-like staining properties after fixation (n = 3). Subsequent trichrome preparations of nonresponsive cells always revealed blue-gray rather than muscle-like staining (n = 47). Muscle cells identified by sensitivity to norepinephrine also were fixed, stained, and relocated. Trichrome preparations of 27 cardiac and 34 vascular cultures showed that these pharmacologically identified muscle cells, whether spontaneously active or quiescent, stained with muscle-like properties. Cells that could not be induced to contract with repeated additions of norepinephrine always stained with nonmuscle-like characteristics (hundreds of such cells could be counted in microscopic examination of one culture).
Therefore, functionally defined cardiovascular muscle cells in primary culture, whether spontaneously active or quiescent, were identified as muscle cells by Masson's trichrome stain. The next experiment was designed to see if morphological characteristics of living cardiovascular cells in culture could separate both spontaneously active and quiescent muscle cells from noncontractile cells as readily as could histochemical characteristics. Table 2 quantifies living cell populations, based on phase-contrast morphological criteria, observed in young rat heart cultures. Cell density was minimized to allow the highest level of confidence in cell identification. Noncontracting cells were categorized on the basis of configuration and refractility. Rounded cells were usually small refractile cells which were attached to the substrate by only one 
Comparison of Trichrome Stain to Living Cell Morphology over 72 Hours
Neonatal rat myocardial cultures were observed at 24-hour intervals for the first 3 culture days. Cell counting involved examining 5-12 high power fields at random per individual coverslip in culture until total cell count reached 500. The identical coverslips used for phase-contrast quantification then were removed and the cells immediately fixed for trichrome staining. Subsequent identical examinations of the stained coverslips were done at random. Under phase contrast, cells that were in small aggregates, or whose nuclei were not apparent, were excluded from the counting. The highly retractile round cells, despite invisibility of nuclei, were counted to assess ongoing attachment and detachment of cells.
All phase contrast categories included cells with muscle-like staining properties. * Cell category with potential for making false positive identification of muscle cell. Table 3 , examination of young chick heart cultures revealed similar results. No correlation was present between the phase contrast alone and subsequently stained cell counts. The apparent difficulty in morphological identification with phase-contrast criteria, in the absence of staining, was in distinguishing quiescent muscle cells from nonmuscle cells. Thus, it was feasible that in the absence of spontaneous activity, and even the absence of muscle cells, phase-contrast optics alone might falsely identify nonmuscle cells as muscle cells. Changes in culture composition due to muscle and nonmuscle cell division were followed. The trichrome stain revealed differing rates of cell division in cardiac muscle and nonmuscle cells. The increasing population of muscle-like staining cells indicated in Table 2 suggested that cardiac muscle cells divided more rapidly than nonmuscle cells in rat heart cultures. In contrast, the rate of muscle cell division, as determined by staining criteria, was not as pronounced in chick heart cultures (Table 3 ). The phase-contrast cell categories, presented in Tables 2 and 3, provided no classification into muscle or nonmuscle fractions due to the ambiguity of each category.
FIGURE 5 Triple correlation of
The quantification of vascular muscle cells by phase-contrast optics alone was even more difficult. The spontaneously contracting vascular muscle cells in 24-hour-old chick omphalomesenteric vein cultures (n = 13, total cells counted = 6500) represented 8.0% of the total cell population. Trichrome staining of the same vascular muscle cultures at 24 hours revealed 54.6% of the total cells present had vascular muscle-like staining properties. Over 96 hours, this percentage diminished to 26.4%, reflecting more rapid nonmuscle cell proliferation. Similar findings were seen in neonatal rat aorta cultures. Embryonic chick cardiac muscle cells were observed at 24-hour intervals for the first 3 culture days. Examination, staining, and cell counting were identical to neonatal rat cardiac cultures ( Table 2) .
FIGURE 4 Photomicrographs ofMasson's trichrome preparation ofsource tissue (left column) and cells (right column) cultured for 48 hours from hearts and blood vessels at 350X (except E) with Zernike phase contrast. A: A source ventricular wall from a 2-day-old neonatal rat showed red-staining muscle cells and blue-staining connective tissue cells. B: An isolated rat cardiac muscle cell stained red in a field of bluish noncontractile cells. C: A ventricular wall from a 13-day embryonic chick. D: An aggregate of reddish chick cardiac muscle cells among scattered pale blue nonmuscle cells. E: An aorta from a 2-day-old neonatal rat showed red-staining muscle cells and pale blue-staining nonmuscle cells (220x). F: A spindle-shaped aggregate of rat aortic muscle cells stained red, in contrast to the pale bluish polygonal cells at either end of the spindle. G: An omphalomesenteric vein from a 13-day embryonic chick showed red-staining muscle cells and bluish nonmuscle cells in a matrix of connective tissue that stained blue-green. H: Isolated muscle-like staining cells in a culture from chick omphalomesenteric vein were scattered among nonmuscle cells. In all four types of cultures, the cells staining like muscle were similar to stained source tissue muscle cells in control paraffin sections and distinct from the other cells in culture (compare left and right panels).
All phase contrast categories included cells with muscle-like staining properties. * Cell category with potential for making false positive identification of muscle cell.
Surface Features
Scanning electron microscopic preparations of cultured cells were made, such that a specific spontaneously active or quiescent muscle cell identified by responsiveness to norepinephrine could be relocated (Fig. 6) . Observations of such primary neonatal rat ventricular cultures showed the cardiac muscle cells ranged from 75 to 150 /im in diameter and usually had a stellate configuration 24 hours after attachment to the glass substrate. The multiple processes extending radially from the myocytes represented up to 75% of the total cell diameter. Fine cytoplasmic projections protruded from these processes and attached to the substrate. The nonattached surfaces of muscle cells were smooth, devoid of microvilli, ruffles, or other surface evaginations. There were no surface indications of underlying intracellular organelles, except that prominent FIGURE 6 Scanning electron photomicrograph of dividing rat heart cell in primary culture, 165OX. Insert shows photomicrograph of same cell during phase contrast observation, less than 1 minute before fixation 685~x. Spontaneous contractions were observed during cytokinesis. Culture age was 48 hours. nuclear eminences were seen frequently. Other than configuration, the rat cardiac muscle cell offered little to distinguish itself from the noncontractile cells. After 72 hours in culture, most of the rat cardiac muscle cells migrated to form aggregates of five or more cells. These aggregates commonly were interconnected by the long radial processes of the most peripheral cells in the adjoining aggregates. The aggregates remained distinct from the surrounding sheets of nonmuscle cells.
Following attachment, noncontractile cells ranged from 100 to 250 jum in diameter and were extremely flattened to the substrate surface (Fig.  7) . The height of these cells varied from 1.5 to 3.0 fim compared to a height of 3.0-8.5 jum for a rat cardiac muscle cell. The usual noncontractile cells were polygonal in configuration, but shape variation was common. As in the muscle cells, fine cytoplasmic projections sometimes extended from these cells to the underlying substrate. The smooth cell surfaces of the noncontractile cells showed no superficial evidence of underlying cell organelles. After 72 hours in culture, these cells formed confluent sheets in which individual cell boundaries were difficult to delineate. The presence of fibroblasts in the cultures was apparent after 72 hours, when collagen fibrils (Fig. 7B ) began to appear on the surface of the cells. With advancing age, collagen fibrils formed a net-like matrix on the cell surfaces and the substrate.
In scanning electron photomicrographs of embryonic chick heart cultures without previous correlation to spontaneous or induced contractions (Fig.  8A) , the distinction between cardiac muscle and nonmuscle cells was impossible. Two distinct cell populations were not seen. The prominent nuclear eminence and radial processes seen in rat cardiac muscle cells were not present. Previously observed spontaneously contracting chick cardiac muscle cells, under phase optics, tended to flatten to the same extent as noncontractile cells. These muscle cells remained consistently associated with noncon- tractile cells, and it was difficult to see distinct cell boundaries between cells (Fig. 8B) . Occasionally, chick cardiac muscle cells retained a brighter image due to higher background electron scatter. The muscle cell surface remained smooth. In older cultures, confluent sheets were observed in which different cell types could not be distinguished. The chick cardiac muscle cells did not form separate aggregates like the older rat heart cultures. The appearance of the chick heart noncontractile cells was no different from that of previously described rat noncontractile cells.
Contracting rat and chick vascular muscle cells could be relocated under the scanning electron microscope ( Fig. 9 ). Fusiform or spindle configuration and a brigher image usually were associated with these muscle cells. However, pleomorphism was characteristic of these cultures, as well as frequent association with noncontractile cells. The rat vascular muscle cell surface, during the first 48 hours in culture, consistently was covered with multiple microvillous projections, at both the free cell surface and the cell surface in contact with the substrate. The chick vascular muscle cell did not show such microvilli; surface evaginations were limited to substrate attachments, and the free surfaces were similar to the smooth surfaces seen in rat and chick heart cultures. The appearance of the noncontractile cells in these cultures was no different from the previously described noncontractile cells in the other cultures.
Discussion
The results of this study demonstrate that correlation of function and staining characteristics allows reliable identification of muscle and nonmuscle FIGURE 8 Scanning electron photomicrographs of embryonic chick heart cultures at 48 hours showed the difficulty of identification of cells on morphological basis alone. A: The pleomorphism of all cell types present did not allow precise identification of cardiac muscle cells, unless the muscle cells had been defined previously by functional criteria and then relocated on a one-to-one basis, 250X. B: Even when a cell was relocated, such as the large fusiform chick cardiac muscle cell (CM) in this field, which was spontaneously contracting at the time of fixation, the close proximity of this muscle cell to nonmuscle cells and the indistinct cell junctions reflect further problems with individual cell identification. No distinguishing surface characteristics were present, 575%. §38 CIRCULATION RESEARCH VOL. 45, No. 4, OCTOBER 1979 FIGURE 9 Scanning electron photomicrographs of relocated vascular muscle cells in primary cultures showed definite surface projections. A: A spontaneously contracting vascular muscle cell (CVM) in primary culture, from 13-day embryonic chick omphalomesenteric vein, demonstrated a spindle shape, which is not always the case. Multiple projections extended out from the cell surface to the substrate, but the free cell surface showed no such projections. Culture age was 24 hours, 25OOX. B: A vascular muscle cell (RVM) in primary culture of 2-day neonatal rat aorta showed a spindle configuration. The muscle cell surface is distinct from the noncon-tractUe (NM) cell surface. Numerous microvillous projections covered the entire muscle cell surface. As seen in other cultures, the noncontractUe cells typically were flat and did not present as bright an image. Culture age was 48 hours, 285Ox. cells in a heterogeneous cell culture. The ability to show repeated contraction and relaxation identifies a cell as a muscle cell and was used as the reference point in this project. Any other means of identifying a muscle cell, whether using morphological or biochemical descriptive techniques, must be related to its contractility. The cardiac and vascular muscle cells in our primary cell cultures, whether spontaneously contracting or quiescent, could be identified readily by electrophysiological or norepinephrine excitability as muscle cells. The absence of spontaneous contractions in quiescent muscle cells occurs because automatdcity depends on a critical balance of K + and other ion conductances (Rulon et al., 1971) , but the ability to contract and relax in response to appropriate stimulation is found in all muscle cells with intact membrane, Ca 2+ -regulatory, and contractile protein systems. All of the cells with contractility subsequently showed the Masson's trichrome stain characteristics of muscle cells, whereas noncontractUe cells stained as nonmuscle.
Cardiac and vascular muscle cells grown in primary cell culture under these methods maintained phenotypic integrity, as evidenced by contractility and Masson's trichrome stain characteristics similar to muscle cells from intact source hearts and blood vessels. Membrane recordings and parameters ( Fig. 1 and Table 1 ) of isolated cardiac and vascular muscle cells measured were similar to those recorded in intact hearts (Cough et al., 1969; Shigenobu and Sperelakis, 1972) and blood vessels (Hermsmeyer, 1976) . Membrane excitability is demonstrated readily by polarizing current pulses (Fig. 1 ; Sperelakis and McLean, 1978) . Responsiveness of isolated muscle cells to norepinephrine is similar but considerably more sensitive than intact source tissues. The high sensitivity of cultured chick cardiac and vascular muscle cells to neurotransmitters is reported elsewhere (Hermsmeyer and Robinson, 1977; Hermsmeyer et al., 1976) , and this study demonstrates the same phenomenon in mammals (Fig. 2) . The staining characteristics of cardiac and vascular muscle cells with Masson's trichrome stain are identical to those of muscle cells in histological preparations (McManus and Mowry, 1960; Thompson and Hunt, 1966) of hearts (Moragas et al., 1977) and blood vessels (Flaherty et al., 1972) commonly used.
The histochemical identification of cardiac muscle cells by periodic acid Schiff staining of intracellular glycogen also has been used to identify cardiac muscle cells in culture (Polinger, 1973; , but functional correlation was limited to phase-contrast observation of spontaneous contractions. Descriptive identification of myocardial cells was based on transmission electron microscopy where both glycogen and myofibrils were present, but it is impossible to correlate contractility with these cells. In addition, the presence or absence of glycogen in vascular muscle cells has not been established as a distinguishing characteristic. Masson's trichrome stain, by correlating perfectly with contractility of both cardiac and vascular muscle cells, appears to be more useful for cell culture identifications than periodic acid Schiff staining.
Our data showed that phase-contrast morphological criteria alone are not sufficient to identify muscle cells. Quiescent muscle cells had no unequivocal morphological characteristics that distinguished them from nonmuscle cells in the absence of histochemical staining. Criteria such as refractility, configuration, and nucleoli number were altered with time. Using such criteria may result in the false identification of nonmuscle cells as muscle cells and vice versa. Although nonmuscle cells usually prolif-erate more rapidly in primary cultures of cardiovascular cells (Kasten, 1973) , rat muscle cells have been found to divide more rapidly in young primary cultures (Kasten, 1976) . Changes in cell population observed with Masson's trichrome stain agreed with these findings (Tables 2 and 3 ). Striations are not apparent in cardiac muscle at such early developmental stages, whether mitosis occurs or not, because of incomplete and disorganized myofibrils (Sperelakis and McLean, 1978) .
Muscle cells spontaneously contracting under phase contrast were relocated in scanning electron microscopic preparations. Such ultrastructural examination appeared to distinguish between muscle and nonmuscle cells only in the young rat heart and vascular muscle cultures. The main criterion defining rat cardiac cells was a rather typical stellate configuration. However, this morphological characteristic, which also was observable with phasecontrast microscopy, could be altered with time and culture density. The rat vascular muscle cells in young cultures had microvilli, which separated them from nonmuscle cells. In muscle cultures without characteristic cell configuration or surface features, muscle cell identification could be achieved only with one-to-one correlation to a prior demonstration of contractile function. In scanning electron microscopic investigations where configuration is altered, such as dissociation methods producing spherical aggregates (Shimada and Fischman, 1976) , or where correlation with contractility is not discussed (Eskin and Trevino, 1976) , the distinction between muscle and nonmuscle cells is not readily apparent.
Primary tissue culture of cardiac and vascular muscle provides a means to investigate cardiovascular development and regulation at the cell level. For example, the origin of cardiac choline acetyltransferase activity as neuronal could be established by cell culture experiments (Roskoski et al., 1977) . Primary cell culture minimizes phenotypic change of muscle cells. Our data showed that the electrophysiological and trichrome staining characteristics of muscle cells seen in the source tissues were maintained in culture. Heterogeneity of cell type in primary culture is not a disadvantage where muscle cells can be identified. Muscle cell identification in primary cultures can be established readily by a correlation of morphological and functional techniques, or staining alone can be used to determine fractional muscle content. The use of cell cultures for pharmacological and biochemical analyses would be possible where quantification of fractional content of the cell of interest is made; the nonmuscle contribution to such measurements could then be taken into account. We conclude that, because of the multiplicity of functions inherent in the operation of a cell, both morphological and functional studies of cells resulting from variations in cell culture preparation are necessary before application of conclusions to the intact heart or blood vessel can be made.
